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Abstract 

Defect high value components with a long life-time such as turbine blades and vanes are usually not disposed but rather repaired. Due to the lot 
size of 1, most of the work is done manually. With the aim of (semi-) automating the repair processes an adaptive grinding process for re-
contouring of turbine blades has been developed. Industrial robots are used to provide a flexible machine system for all necessary repair process 
steps. 
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1. Introduction 

The Fraunhofer Innovation Cluster “Maintenance, 
Repair and Overhaul (MRO) in Energy and Transportation” 
intends to introduce and establish permanent, energy-
efficient MRO processes and technologies based on 
different areas of research. One research focus of the cluster 
is on repair technologies for high value components such as 
gas turbines blades which have a long life time, but are 
regularly exposed to high loads. In general, the field of 
innovation ‘repair technologies’ looks to address the 
following aims: 

 Developing strategies for increasing the level of 
automation in the fields of repair and maintenance 

 Increasing the flexibility of repair processes 
 Developing concepts for rapid manufacturing of spare 

parts and structural components and 
 Increasing the useful life of structural components by 

employing materials which have higher wear 
resistance, and protective layers [1]. 

In this paper, results of a project on the development of 
robot based repair processes, especially concerning 
grinding, are presented.  

2. Concept of a robot based repair tool kit 

2.1. Motivation 

Operations in maintenance and repair are less predictable 
and projectable than manufacturing processes for new parts. 
Each component is inspected and rated with regard to the 
benefit and feasibility of a possible repair process. As a 
result, this yields to small batches down to a lot size of 1, 
since every defect is different, but the required repair 
technologies are similar or even identical. Hence, a very 
flexible concept is necessary to apply the different 
technologies. This is one of the reasons why the repair is 
carried out predominantly manually. Moreover, the aero 
engine industry aims to automate the repair process in order 
to achieve reproducible results with a constant quality and 
to reduce the labor costs. [2, 3, 4] 

Machine tools are mostly single-purpose machines, 
designed to give the best performance for a specific 
machining task. Industrial robots, on the other hand, are 
designed as flexible machines for handling or measuring, 
but usually not for machining processes.  
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Using standard industrial robots as a flexible multi-
purpose machine tool by equipping them with tools and
enhancing the accuracy was the starting idea for the 2-year 
research project ‘Repair tool kit for engine and turbine
components’. A robot cell was set up to demonstrate the
application of the repair process chain described below. 

2.2. Process chain

For the repair of turbine blades the following process 
chain is applied [2]:

Cleaning
Inspection
Cutting (defect area)
Laser cladding
Adaptive Machining
Shot peening and
Quality control.

Within the repair tool kit all of these steps besides the
laser cladding have been carried out using industrial robots, 
laser cladding was realized by using a 5-axis-machine. 

2.3. Implementation

To test and demonstrate the applicability of standard
industrial robots for machining and especially repair 
purposes, a Comau SMART NJ 370-2.7 with the control 
system C4Gopen was equipped with a belt grinding unit.
The open control system is necessary to apply newly 
developed force control algorithms for the adaptive

grinding process. Other technologies, as mentioned above,
have been implemented using standard robots by different
manufacturers, e.g. Kuka and Stäubli. The setup of the 
demonstration cell is shown in Fig. 1.

3. Adaptive robot guided grinding and polishing

3.1. Generation of adaptive robot trajectories

An increase in flexibility and effectiveness in robot 
guided grinding and polishing processes can be achieved by
using adaptive machining strategies [5]. In order to provide
an adaptive machining strategy for force-controlled robotic

abrasive belt grinding, explicit technical knowledge about
the abrasive belts used and the exact geometry of the
workpiece to be repaired is essential. The process
parameters need to be altered to the desired local depth of 
cut. The desired local depth of cut depends on the failure
mode which is closely linked to the actual geometry of the
workpiece.

At the Production Technology Centre in Berlin, a
program was developed that allows for automated trajectory 
planning of the industrial robot on the basis of geometry 
and process data with a defined number of supporting
points dependent on the surfaces curvature. As a result, a
geometry and process-dependent robot trajectory with 
adapted technology parameters for each supporting point is 
provided for the belt grinding process. Fig. 2 shows the
basic structure of the developed program. [6]

The program starts with an import and preparation of the
actual and set geometry, provided from a 3D measuring
device and CAD data, respectively. A set-actual comparison 
is conducted in the second module of the program, giving
information about the required local depth of cut for every 
position of the workpiece. Based on the geometrical data, in 
the third module a robot trajectory with a specific number 
of supporting points dependent on the workpiece’s
curvature is calculated. Knowing the tool-dependent depth 
of cut function, at each supporting point of the programmed 
robot trajectory, the technological parameters feed rate vf, ff
grinding normal force FN and cutting speed vc can precisely
be adapted to the required depth of cut. Due to the depth of 
cut function and restrictions in feasible feed rates coming
from the dynamics of the robot, the achievable depth of cut
for each process step and supporting point is limitedff .

Fig. 1. Multi-purpose robot cell setup
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The fourth module allows for an evaluation of a possible
discrepancy between calculated and real process steps, in
order to optimize the experimentally determined depth of 
cut function. Every re-iterated process step takes the 
previous depth of cut into account, so that the technical
parameters are continuously adapted in order to minimize
tool wear, imperfections of the robots trajectory,
inaccuracies due to vibrations, etc. This compensation data
is considered in the following process steps. This process
can be re-iterated for as many cycles as needed until the
required part accuracy has sufficiently been achieved.

Thus, an iterative approximation from actual to set
geometry is achieved. The actual number of required
iterations is dependent on the geometry and material of the
work piece, the tool specification used and the kinematic
restrictions of the robot and is calculated for each
supporting point in advance.

To minimize the influence of the experimentally
determined depth of cut function and the risk of damaging
the workpiece, intermediate targets are calculated for each
supporting point, enabling a continuous adjustment from
the actual to the set geometry. The smaller the difference
between actual and set geometry for each supporting point
and iteration step, the lower the planned depth of cut is.
Consequently, a continuous transition from roughing to
finishing is achieved. The intention is to perform the last 
process step with the lowest possible depth of cut that is
with high feed rate, thus minimizing the relative error of the
experimentally determined depth of cut function and the
risk of damaging the workpiece. Fig. 3 shows exemplarily
the calculated process steps with depth of cut along the
workpieces’ geometry.

3.2. Identifying suitable tools

The depth of cut characteristic of abrasive belts is time-
dependent corresponding to the gradual wear of the
abrasive tool. This particularly applies when conventional
corundum abrasive belts are in use. Hence a tool related
wear factor is being implemented in several state of the art
process models. 

Against this background one of the main goals of the
project was to identify the best suitable abrasive belts
available on the market, facilitating a stationary
homogenous depth of cut characteristic for machining high
performance materials. In addition to this, diamond abrasive
belts were used for technical testing in order to minimize 
time impact on the depth of cut characteristic. In this way,
the performance concerning depth of cut characteristic and
stationary behavior of conventional abrasives and
superabrasives were brought into comparison. In addition,
different abrasive belt specifications with reference to the
distribution of the abrasive grains are taken into account.
Conventional abrasives and superabrasives dispersed in a
regular intermittent pattern are compared to a conventional

Fig. 4. identification of suitable tools

Fig. 3. calculated processing steps
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state-of-ff the-art ceramic grit belt designed for machining
nickel-based alloys. The results are shown in Fig. 4.

As displayed in Fig. 4, abrasive belts with grains
dispersed in a regular intermittent pattern achieve better 
results in terms of stationary homogenous depth of cut
characteristics as well as lower grinding-in times compared
to conventional state-of-ff the-art ceramic grit belts. The latter
abrasive belts appear insufficient for an automated adaptive
machining strategy, as their depth of cut characteristics
significantly vary over grinding time. In contrast, the wear
optimized abrasive belts with intermittent patterns match 
the demands better. The inevitable grinding-in time can be
shortened by a prior dressing of the tool. For the reasons
mentioned above, only abrasives dispersed in a regular
intermittent pattern are brought into use for the following 
experiments. Thus, the prerequisites for an adaptive
machining strategy can be established by identifying these
wear optimized abrasive belts. For the following grinding
experiments superabrasive belts with specification DA930X
91 and corundum abrasive belts with specification CS420 
X-Waterproof P180 are used.

3.3. Determining technological parameters for the used 
abrasive belts

In order to set defined depth of cut through adapting
process parameters at each supporting point, the exact
knowledge of the tool-dependent depth of cut function is
necessary. For this purpose technical testing with the 
mentioned abrasive belts on plane workpieces made of 
Inconel 718 were carried out under variation of the process 
parameters. Fig. 5 displays the depth of cut function for 
different corundum abrasive belt specifications.

The result for a force-controlled abrasive belt grinding
process, as shown in Fig. 5, is the typical degressive curve 
characteristic of the depth of cut function with increasing 
feed rates. Based on this experimental data, the feed rate 
can be adapted for each supporting point to achieve the
required material removal, or rather depth of cut at every
position of the workpiece. The results were achieved for
plane workpieces so that different contact conditions, which 
occur while machining free-form surfaces like blades or 
vanes, were not considered. An adaptation to the different 
contact conditions is empirically done in the fourth module
of the robot trajectory planning program as previously 
described. Due to the axis-dependent acceleration behavior
of the robot, the possible feed rates and therefore the 
achievable depth of cut are linked with the number of axes
involved for a certain movement. Hence, the minimal
achievable depth of cut is limited to the maximum speed of 
the slowest robot axis, being the fifth axis which is about
1.8 rad/s. On the other hand, choosing minimal feed rates
and therefore high material removal rate or rather depth of 
cut, could lead to thermal damage at the workpiece’s 
surface. For every tool-workpiece combination a threshold
must be carefully determined, giving the minimum possible
feed rate and accordingly the maximum depth of cut per 
processing step. For the abrasive belts used, CS420 X-
Waterproof, standard specification the determined 
minimum possible feed rate amounted 300 mm/min. At
lower levels of feed rate thermal damage was observed.
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Thus a range of applicable feed rates for each supporting 
point in dependency of the geometrically and kinematically 
boundary conditions can be defined. Fig. 6 schematically 
displays the depth of cut function with suitable range of 
feed rates for a single convex workpiece made of 
Inconel 718 machined with the corundum abrasive belts.  

4. Conclusion 

Robot based adaptive abrasive belt grinding has a great 
potential to replace previously manually performed repair 
processes in the area of high-performance materials and 
thus increase the degree of automation [7]. For robot based 
re-contouring with abrasive belts, a grinding strategy was 
developed that enables efficient, semi-automated machining 
of Inconel 718. For this purpose, a program was developed 
that generates geometry and process-dependent robot 
trajectories for single convex workpieces with adaptable 
technology parameters for each supporting point.  

In addition, various abrasive belt specifications were 
tested for their suitability in grinding experiments. It turned 
out that abrasives dispersed in a regular intermittent pattern 
had a superior performance compared to conventional state-
of-the-art ceramic grit belts in terms of stationary 
homogenous depth of cut characteristic, as well as lower 
grinding-in times. 

Through technical testing of different corundum abrasive 
belts, the depth of cut functions in dependency of the feed 
rate vf, could be determined and from this, the appropriate 
technology parameters for each supporting point, needed 
for an accurate repair result, can be calculated. As part of 
the investigations carried out, a minimum possible feed rate 
of 300 mm/min was determined. Also a geometry-
dependent maximum range of applicable feed rates 
resulting from the limitations of the robot dynamics was 
identified. The next step is to verify the program based 
calculated depth of cut characteristic with the actual depth 
of cut coming from grinding experiments. In addition, 
further technical testing with diamond abrasive belts under 
variation of the grinding normal force FN and cutting speed 
vc is currently in progress.  

Using robots for machining and repair processes can 
provide a flexible and cost effective solution for some 
machining tasks. For the belt grinding process, this paper 
shows that using the appropriate strategies can result in a 
very good geometric accuracy and surface quality of the 
machined part. The robotic industry and institutes have 
been conducting research for handling processes now for 
about half a century, whereas using robots for machining 
has only just gained interest within the last couple of years. 
This is one reason why robots are used for machining 
primary in the academic world to this day. Another reason 
is the comparatively low ease of use of robots and the 
nonexistence of standard solutions, e.g. for workpiece and 
tool calibration.  

The robot based machining processes will be developed 
more and more in the future in order to provide OEMs and 
SMEs with ready-to-use robot cells for machining as there 
is an increasing demand for such systems. Besides R&D for 

the technological processes it will also be necessary to 
provide solutions for data management, programming and 
documentation and to increase the ease of use of industrial 
robots.  
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